A reverse transcriptase (RT) was recently found in Myxococcus xanthus, a Gram-negative soil bacterium.
open reading frame (ORF) downstream of msr are arranged in the same manner as found for the Mx162 retron. The ORF encodes a polypeptide of 427 amino acid residues. The aminoterminal domain (residues 1-138) shows no striking similarity to these proteins presently available in the data bases including the msDNA-Mx162 ORF, while the sequence from residues 139-394 can be aligned with various known RT sequences and has 47% identity with the RT domain of the msDNA-Mx162 ORF. On the basis of these findings, possible origins of two highly diverse retrons on the M. xanthus chromosome are discussed.
msDNA (multicopy single-stranded DNA) is an unusual satellite DNA originally found in Myxococcus xanthus, a Gram-negative bacterium with a complex life cycle, which forms fruiting bodies (1) . The major msDNA of M. xanthus (msDNA-Mxl62) consists of 162 bases of single-stranded DNA, the 5' end of which is linked to the 20th guanosine residue of a 77-base RNA molecule (msdRNA) by a unique 2',5'-phosphodiester bond (2) . The msDNA molecule has been shown to be synthesized by a reverse transcriptase (RT) using a precursor RNA as a primer for initiating msDNA synthesis as well as a template to form the branched RNAlinked msDNA (2) (3) (4) . The gene for this RT has been demonstrated to be located immediately downstream of the msdRNA coding region and encodes a polypeptide of 485 amino acid residues. msDNA-synthesizing systems similar to that of M. xanthus were also found in Escherichia coli (5, 6) . Temin (7) has proposed to designate these systems "retrons," implying that the retron may be an ancestor of retroviruses. Recently, we found that M. xanthus contains another msDNA (msDNA-Mx65; previously designated mrDNA) consisting of a 65-base single-stranded DNA and a 49-base branched RNA (8) . Although there is no sequence homology in either the DNA or RNA between msDNA-Mxl62 and msDNA-Mx65, they share remarkable similarities in their secondary structures, including stem-loop structures in DNA and RNA, RNA and DNA hybrid formation at their 3' ends, and the unique 2',5'-phosphodiester linkage (8) . In this paper, we characterized the retron for msDNA-Mx65 and compared it with the retron for msDNA-Mxl62, which has been cloned (8) .* It was found that the Mx65 retron is highly diverse and independent from the Mx162 retron and that RT associated with the Mx65 retron has only 47% identity with RT for the Mx162 retron.
MATERIALS AND METHODS
Materials. The clone of the 9.0-kilobase (kb) Pst I fragment containing the Mx65 retron was obtained (8) . Restriction enzymes were purchased from New England Biolabs and Boehringer Mannheim.
A deletion mutant strain of the Mx162 retron, AmsSX, was previously isolated (9) . A deletion mutant of the Mx65 retron (Ams65) was constructed as described for AmsSX (9) .
Methods. The DNA sequence was determined by the chain-termination method (10) using synthetic oligonucleotides as primer.
RESULTS AND DISCUSSION DNA Sequencing of the Mx65 Retron. The coding region for msDNA-Mx65 was previously cloned from a 9.0-kb Pst I fragment (8) and its restriction map is shown in Fig. 1 . Previously, the 283-base-pair (bp) Alu I fragment [Alu I(A) to Alu I(B) in Fig. 1 ] was sequenced, which contains the RNA coding region (msdRNA) as well as the msDNA coding region as shown in Fig. 1 . It should be noted that on the basis of the restriction map of the msDNA-Mx162 fragment (1) as well as Southern blot hybridization experiments with ms-DNA-Mx162 and msDNA-Mx65 as probes (unpublished results), the msDNA-Mx65 coding region is separated from the msDNA-Mx162 coding region by at least 10 kb. These two regions thus appear to be unlinked on the M. xanthus chromosome. Fig. 2 shows the DNA sequence of 1640 nucleotides flanking the msDNA-Mx65 coding region. As in the case of msDNA-Mx162, the long ORF exists downstream of the msdRNA coding region (see also Fig. 1 this inverted repeat is much shorter than that found in the Mx162 retron and has three mismatches between sequences al and a2, it is considered to be essential to form a secondary structure in a long primary transcript that serves as the primer as well as the template for msDNA synthesis (2, 15) .
Sequence Comparison Between Mx65-RT and Mx162-RT. In the case of msDNA-Mxl62, an ORF of 485 residues exists in a chromosomal locus, organized in a manner identical to that shown in Fig. 2 , which encodes a RT. The Mx162-RT consists of at least two domains with the RT domain assigned to the sequence from residues 170-441 on the basis of sequence similarity with retroviral RTs and RT from E. coli retrons. A similar RT domain can be found in the sequence from residues 139-394 in the Mx65-RT and its alignment with other RT sequences is shown in Fig. 3 . It also contains the Tyr-Xaa-Asp-Asp sequence, the highly conserved sequence in all known RTs (boxed in Figs. 2 and 3) . Although the Mx65-RT is substantially different from the Mx162-RT, within the 256-residue sequence there are 122 identical residues between the two RTs (47% identity). When compared with E. coli RTs, 52 residues (20%) are shared with all bacterial RTs (Fig. 3 , open and solid circles). There are a total of 75 and 76 residues identical with the E. coli Cl-l-RT (Ec67) and the E. coli B-RT (Ec86) (29% and 30%, respectively). When compared with the human immunodeficiency virus RT (11) , there are a total of 32 identical residues (13%) among which 15 residues (solid circles) are shared with all the RTs listed in Fig. 3 . As noted previously, the region surrounding the Tyr-Xaa-Asp-Asp sequence shows particularly high similarity among all RTs (4). The sequence comparison shown in Fig. 3 clearly demonstrates that the Mx65-RT is more closely related to the Mx162-RT than to E. coli RTs. This can also be seen from the sequence from residues 246-256, which is deleted in all the other RTs except for the Mx162-RT.
The amino-terminal domain from residues 1-138 showed no striking similarity to any other known proteins presently available in the data bases. It is also rather surprising to find that there is little similarity between this domain and the amino-terminal domain (169 residues) of the Mx162-RT except for the sequence of 25 residues from residues 114-138 in the Mx65-RT. This sequence can be aligned with the Mx162-RT sequence from residues 145-169 having 11 identical residues (44% identity). It was previously pointed out that the codon usage in the Mx162-RT gene is very similar to those of other genomic genes so far characterized for M. xanthus using high GC codons (4) . As shown in Table 1 , the codon usage of the Mx65-RT gene is also very similar to that of the Mx162-RT gene, suggesting that the Mx65-RT gene is also as old as the other genomic genes of M. xanthus.
GCGTCCGCCGCTACACCCCgGGCCGGAAGAAGTGGATGGAGGCCGCCGAGGCCCGGCGGC 540 Analysis of Deletion Mutations. Next, to examine the possible functions ofthese genes, deletion mutations ofthe Mx65 retron with and without an Mx162 retron deletion mutation were constructed. Fig. 4 shows the DNA pattern of polyacrylamide gel electrophoresis of the DNA preparations from these mutants. It appears that there is no effect on msDNAMx162 production by the deletion of the Mx65 retron (lane 2) and that, similarly, the deletion of the Mx162 retron has no effect on msDNA-Mx65 production (lane 4). A double deletion (lane 3) was also constructed. None of these deletion strains showed any effect on cellular growth, cellular mobility, fruiting body formation, spore formation, or germination.
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CONCLUSIONS
In the present paper, we demonstrate that there are two independent, unlinked retrons in the M. xanthus genome. The msdRNA coding region (msr), the msDNA coding region (msd), inverted repeats found in their regions, and an ORF of the Mx65 retron were arranged in a manner very similar to the Mx162 retron previously reported (4). The inverted repeats support the formation of a stable secondary structure of a primary transcript from this region, which is essential for the synthesis of msDNA by serving not only as a primer but also as a template. However, in spite of the similarity in the arrangement ofthe retron's elements, there is little nucleotide sequence similarity in these elements between the two retrons except for the RT domains in the ORFs downstream of msr.
Only clear sequence similarities were found within a part of the ORF, which can be aligned with the RT domain of the Mx162 ORF as well as other bacterial RTs and retroviral RTs (see Fig. 3 ). It is interesting to note that msDNA-Mxl62 from M. xanthus is highly conserved among more than 20 independent M. xanthus strains isolated from all over the world (ref. 13 ; B. Lampson, M.I., and S.I., unpublished data). In addition, the codon usage of the Mx162-RT was very similar to other M. xanthus genes (4). Thus, it was assumed that the Mx162-RT is as old as other essential genomic genes. It should be noted that Stigmatella aurantiaca, another species of myxobacteria contains msDNA-Sa163, which was shown to be highly homologous to msDNA-Mxl62 (14), but does not contain a msDNA homologous to msDNA-Mx65 (unpublished results). Therefore, it is tempting to assume that an ancestral myxobacterium already contained a retron related to the Mx162 (or Sal63) retron. On the other hand, it is not certain when and how the Mx65 retron was acquired into the M. xanthus genome. Since the Mx65-RT is more closely related to the Mx162-RT than other E. coli RTs, it is likely that the Mx65 retron diverged from an ancestral retron common for both the Mx65 and Mx162 retrons. Examination of the existence of msDNA-Mx65 in various independent natural isolates of M. xanthus may provide some insight into the question of the origin of the Mx65 retron.
